Turkish Journal of Biology
Volume 40

Number 1

Article 4

1-1-2016

Identification and prediction of the consequences of
nonsynonymous SNPs in glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene of zebrafish Danio rerio
KIRAN D. RASAL
VEMULAWADA CHAKRAPANI
SWAGAT K. PATRA
SASMITA JENA
SHIBANI D. MOHAPATRA

See next page for additional authors

Follow this and additional works at: https://journals.tubitak.gov.tr/biology
Part of the Biology Commons

Recommended Citation
RASAL, KIRAN D.; CHAKRAPANI, VEMULAWADA; PATRA, SWAGAT K.; JENA, SASMITA; MOHAPATRA,
SHIBANI D.; NAYAK, SWAPNARANI; SUNDARAY, JITENDRA K.; JAYASANKAR, PALLIPURAM; and
BARMAN, HIRAK K. (2016) "Identification and prediction of the consequences of nonsynonymous SNPs in
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene of zebrafish Danio rerio," Turkish Journal of
Biology: Vol. 40: No. 1, Article 4. https://doi.org/10.3906/biy-1501-11
Available at: https://journals.tubitak.gov.tr/biology/vol40/iss1/4

This Article is brought to you for free and open access by TÜBİTAK Academic Journals. It has been accepted for
inclusion in Turkish Journal of Biology by an authorized editor of TÜBİTAK Academic Journals. For more
information, please contact academic.publications@tubitak.gov.tr.

Identification and prediction of the consequences of nonsynonymous SNPs in
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene of zebrafish Danio
rerio
Authors
KIRAN D. RASAL, VEMULAWADA CHAKRAPANI, SWAGAT K. PATRA, SASMITA JENA, SHIBANI D.
MOHAPATRA, SWAPNARANI NAYAK, JITENDRA K. SUNDARAY, PALLIPURAM JAYASANKAR, and HIRAK
K. BARMAN

This article is available in Turkish Journal of Biology: https://journals.tubitak.gov.tr/biology/vol40/iss1/4

Turkish Journal of Biology
http://journals.tubitak.gov.tr/biology/

Research Article

Turk J Biol
(2016) 40: 43-54
© TÜBİTAK
doi:10.3906/biy-1501-11

Identification and prediction of the consequences of nonsynonymous SNPs in
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene of zebrafish Danio rerio
Kiran Dashrath RASAL*, Vemulawada CHAKRAPANI, Swagat Kumar PATRA, Sasmita JENA, Shibani Dutta MOHAPATRA,
Swapnarani NAYAK, Jitendra Kumar SUNDARAY, Pallipuram JAYASANKAR, Hirak Kumar BARMAN
Fish Genetics and Biotechnology Division, Central Institute of Freshwater Aquaculture, Indian Council of Agricultural Research,
Bhubaneswar, Odisha, India
Received: 05.01.2015

Accepted/Published Online: 21.04.2015

Final Version: 05.01.2016

Abstract: The recent progress in DNA sequencing and computational algorithms dramatically heightened the value of single nucleotide
polymorphism (SNP) databases. The experimental studies of mutation for the particular gene of interest are laborious and timeconsuming. In this study, we used several computational algorithms to investigate the structural and functional consequences of SNPs
on the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene of zebrafish (Danio rerio). The GAPDH gene is involved in multiple
cellular activities, in addition to its association with classical glycolytic pathway. It has most commonly been used as the housekeeping
gene for differential gene expression profiling, including western blots. The computational analysis, which used sequence-based tools such
as SIFT, PANTHER, PROVEAN, and I-Mutant2.0, predicted deleterious nonsynonymous SNPs (nsSNPs) at p.W194R in the GAPDH
gene. The SWISS Model tool generated a homology-modeled 3D structure of GAPDH by applying homologous protein structures
retrieved from the RCSB PDB databank (PDB ID: 1U8F_O, 1ZNQ_O, 1J0X_O, 3GPD_R, and 1SZJ_G). The sequence identities of
the above selected models were 86%, 86%, 86%, 83%, and 75%, respectively. The Procheck quality assessment in the Ramachandran
plot showed that the incorporated mutation (p.W194R) led to a shifting of amino acid residues from the most favored regions towards
the disallowed region, as compared to the native counterpart. The lowered ERRAT and PROSA Z scores in the mutant confirmed the
overall deteriorating quality of mutant GAPDH. We also predicted an effect of mutation on increased H-bonding patterns due to mutant
residue. The molecular docking analysis, while binding GAPDH to its ligand (NAD+), also revealed elevated global energy in the mutant.
Altogether, this study demonstrated the impact of nsSNPs on the protein structure and function. The results of work provide an insight/
roadmap for future investigations with regard to the pathological consequences of nsSNPs using in vivo methods.
Key words: Nonsynonymous single nucleotide polymorphism, GAPDH, homology modeling, amino acid substitutions

1. Introduction
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
is an enzyme responsible for glycolysis (sixth step)
and for converting glyceraldehyde-3-phosphate to
1,3-biphosphoglycerate in the presence of inorganic
phosphate and NAD+ (Barber et al., 2005). This
housekeeping gene, essentially required for the maintenance
of basic cellular functions, is ubiquitously expressed in
all cells of organisms in normal and nonpathological
situations. Hence, it is one of the candidate reference
genes commonly used for comparative gene/protein
expression experiments. Other commonly used reference
genes/proteins are β-actin and α-tubulin. Functionally,
cytoskeletal actin has been involved in intracellular
movement of organelles, cytokinesis, and cell motility (Ng
et al., 1985). Tubulin is one of several members of a small
family of globular proteins. The most common members
* Correspondence: kirancife@gmail.com

of the tubulin family are α-tubulin and β-tubulin, the
proteins that make up microtubules (Luduena, 1993). All
these housekeeping genes are ubiquitously expressed in
the cells and hence have long been used as reference genes.
In addition to its participatory role in the glycolytic
pathway, GAPDH is also involved in several cellular
processes, such as apoptosis, and other nuclear functions
including RNA transport, transcription, and DNA
replication. However, the physiological functions may be
affected by the presence of single nucleotide polymorphism
(SNPs). The SNPs might enforce error-prone protein
sequence and structure and thus hamper the structure–
function relationships of the required networking
regulatory pathways. Because the structure of a protein
determines its function, it is very important to understand
the structure–function relationships of a particular protein
at a molecular level vis-à-vis any variation that eventually
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leads to pathological lesions and/or diseases (Altiparmak
et al., 2014).
SNPs have been extensively used in genome-wide
association studies (GWASs) to discover the genomic
regions that are responsible for genetic variation-causing
diseases. SNPs with amino acid (aa) substitutions can
disturb protein-folding and its stability, leading to
altered protein function and protein–protein interaction,
including its expression (Hardt and Laine, 2004; De
Cristofaro et al., 2006; Jones et al., 2007; Ode et al., 2007).
Among the various types of SNPs, nonsynonymous SNPs
(nsSNPs) are present in the coding region of a gene,
affecting both protein structure and function (Schaefer
and Rost, 2012). Several studies predicted that nsSNPs
have a potentially deleterious effect on genes by altering
their respective protein sequence or disrupting protein
structure. The accurate prediction of the consequences of
nsSNPs will have potential insight for the development of
drugs or the treatment of the concerned variation in the
genome.
The increased cost and time requisite for screening
the effect of mutation by conventional laboratory-based
experimentations is impossible due to the presence of
enormous numbers of SNPs. However, information
on mutated gene function is essentially required, and
particularly on missense mutations causing hereditary
diseases (Eshkoor et al., 2014). The understanding of the
relationships between protein structure and function is
also a prerequisite. Computational study can effectively
produce useful information for rationalizing and guiding
further experimental in vivo studies (Mohapatra et al.,
2010; George Priya Doss and Rajith, 2012; Chen et al.,
2014). Recently, in silico approaches are being used for
investigating the impact of deleterious nsSNPs on various
important genes based on evolutionary information
(George Priya Doss and Rajith, 2012). For example, nsSNPs
not only affected their product by altering topology, but
also regulated gene expressions by changing activities
(Thomas and Kejariwal, 2004).
Computational tools such as SIFT, PolyPhen,
I-Mutant2.0, PANTHER, and PROVEAN have become
more convenient for identifying the impact of amino acid
substitution (Capriotti et al., 2005; Johnson et al., 2005).
The combination of different algorithms will improve
the accuracy of results or predicted effects of particular
mutations. The computational tools successfully predicted
the consequences of nsSNPs associated with genes such as
CFTR (George Priya Doss et al., 2008), IGF1R (de Alencar
and Lopes, 2010), BRAF (Hussain et al., 2012), ATM
(George Priya Doss and Rajith, 2012), TYRP1 (Kamaraj
and Purohit, 2013), and GalNAc-T1 (Mohamoud et al.,
2014). Aided by the HapMap project, most studies have
been conducted in humans to identify genomic variations
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(http://www.hapmap.org). Although there has been a
number of studies on the effects of mutations on protein
function and its association with diseases in humans
and mammals, evidence of potential for finding the
effects of mutation using computational tools is limited.
Alternatively, information generated from the model
zebrafish could provide the clue for human diseases.
Among the most commonly used reference genes
(GAPDH, β-actin, and tubulins), GAPDH is involved not
only in basic metabolic pathway, but also in multicellular
activities including regulatory pathways. It would be of
interest to gain knowledge regarding the consequences of
mutated GAPDH. The previously accumulated evidence
depicted that disturbances in GAPDH-mediated cellular
processes may lead to diseases (Mazzola and Sirover, 2001;
Butterfield et al., 2010). Thus, in order to characterize
deleterious mutations in the housekeeping candidate
GAPDH gene of zebrafish (a model fish species), we have
used sequence and structure-based computational tools so
as to predict structural and functional relationships due to
amino acid substitutions. This in silico study is based on
the use of several methodologies, such as retrieving SNPs
from a dbSNP (NCBI) database, predicting the effects of
nsSNPs, and validating the functional impact of nsSNPs,
followed by analyzing the effect of mutation on ligand–
protein interactions. The present study will be of great
advantage to identify mutation-associated phenotypic
changes in fish using in vivo mutagenesis.
2. Materials and methods
2.1. Retrieval of GAPDH protein sequence and SNP
Dataset
The zebrafish GAPDH [accession ID: 317743 Uniprot ID:
Q5XJ10] protein sequence data were retrieved from the
protein database of the National Center for Biotechnology
Information (NCBI). The SNP data of GAPDH protein of
zebrafish were obtained from the dbSNP of NCBI (http://
www.ncbi.nlm.nih.gov/snp/). The SNPs that were present
in the coding region of GAPDH with their accession ID,
such as Asp68Asp (rs40804114), Thr97Thr (rs40827081),
Gly62Gly (rs40928619), Phe316Phe (rs40938373), and
Trp194Arg (rs41041283), were retrieved from the NCBI
dbSNP database. The template structures were retrieved
from the RCSB PDB databank with PDB ID (1U8F_O;
1ZNQ_O; 1J0X_O; 3GPD_R; and 1SZJ_G) for homology
modeling.
2.2. Prediction of nsSNP impact using SIFT
The Sorting Intolerant from Tolerant (SIFT) method (http://
sift.jcvi.org/) predicted the deleterious and tolerated SNPs
for analyzing the impact of single amino acid substitution
on the resultant protein. Here, in order to understand the
impact of amino acid substitution on protein function, we
submitted the GAPDH protein sequence as a query, along
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with position and change in residue. A SIFT score of ≤0.05
determined the effect of nsSNPs on the resultant protein
(Ng and Henikoff, 2003).
2.3. Validation and functional characterization of
predicted nsSNPs by PANTHER-cSNP
The functional validation of nsSNPs was analyzed by the
Protein Analysis through Evolutionary Relationships
(PANTHER) server (www.pantherdb.org/tools/csnp).
This tool uses hidden Markov models (HMMs) to estimate
the probability of a particular nsSNP in the coding region
of a gene causing a functional impact on the protein. It
calculates the substitution position-specific evolutionary
conservation (subPSEC) score based on an alignment
of evolutionarily related proteins (Thomas et al., 2003;
Thomas and Kejariwal, 2004). A subPESC score of ≥–3 is
predicted as less deleterious/neutral, while a ≤–3 score is
deleterious.
2.4. Prediction of functional impact of nsSNP by
PROVEAN
The Protein Variation Effect Analyzer (PROVEAN) tool/
algorithm predicts the impact of an amino acid substitution
or indel on the protein function (http://provean.jcvi.org/
index.php). This algorithm allows balanced separation
between the deleterious and neutral substitutions with the
help of a threshold value. A query sequence was provided
in FASTA format and the default threshold value was –2.5.
A score of <–2.5 indicated that the variant is deleterious,
and a >–2.5 score was considered as neutral (Choi et al.,
2012).
2.5. Investigation of mutant protein stability by
I-Mutant2.0
I-Mutant2.0 (http://folding.biofold.org/cgi-bin/i-mutant2.0)
is a support vector machine server for the automatic
prediction of changes in protein stability due to singlesite mutations. The predicted free energy change (DDG)
value is based on the differential unfolding Gibbs free
energy changes between mutant and native proteins (kcal/
mol) (Capriotti et al., 2005). The reliability index (RI)
value is computed only when the sign of stability change is
predicted and evaluated from the output of the server. The
input FASTA sequences of proteins, along with the residual
changes, were provided by the server for the analysis of
DDG value (kcal/mol).
2.6. Structure modeling and visualization
Homology modeling was performed to build a GAPDH
native 3D model based on available template structures
with the database. The structural templates that had
highest sequence homology with our target template were
identified by using PSI-BLAST (NCBI, http://blast.ncbi.
nlm.nih.gov/Blast) against 3D structure, available in the
PDB data bank. The parameters were chosen based on the
percentage of sequence identity, e-value, chain length, and

query coverage. The GAPDH native model was built by
SWISS-Model using target-templates alignment, whereas
mutant models were constructed using the PyMoL tool,
an open source tool of molecular visualization. Both 3D
structures were visualized with PyMoL (http://www.
pymol.org/). The Swiss-PDB viewer was used for analyzing
RMS deviation by superimposing both native and mutant
structures (http://spdbv.vital-it.ch/).
2.7. Model quality and structure assessment
Structural evaluation and stereochemical quality
assessment of both native and mutant models were carried
out by using the Structural Analysis and Verification Server
(SAVES), which is an integrated server (http://nihserver.
mbi.ucla.edu/SAVES/). The Protein Structure Analysis
(ProSA) web server (https://prosa.services.came.sbg.ac.at/
prosa) was used for checking the structural quality of the
generated model. The calculated Z-score determined the
overall quality of the model (Wiederstein and Sippl, 2007).
2.8. Analysis of effect of nsSNPs on surface and solvent
accessibility of GAPDH
The solvent accessibility of amino acids of GAPDH was
analyzed using NetSurfP (http://www.cbs.dtu.dk/services/
NetSurfP). Amino acid sequences (in FASTA format of
respective native and mutant GAPDH proteins) were
utilized for analyzing changes in mutant protein. This
tool predicted the three classes of solvent accessibility or
accessible surface area (ASA), such as buried, partially
buried, and exposed, respectively designated as lowly
accessible, moderately accessible, and highly accessible.
2.9. Analysis of gene ontology and protein–protein
interaction network of GAPDH
We examined the gene ontology (GO) of GAPDH for
biological as well as molecular functions by using UniProt
(Filiz and Tombuloğlu, 2015) (http://www.uniprot.org/).
The Search Tool for the Retrieval of Interacting Proteins
(STRING) was used for studying the protein–protein
interacting networks involving the GAPDH protein
(http://string-db.org/newstring_cgi). The networking
functions of the GAPDH enzyme were predicted using
the KEGG pathway (http://www.genome.jp/kegg/), which
included regulatory and metabolic pathways.
2.10. Prediction of ligand binding site and molecular
docking
In order to understand the structure–function relationship
and ligand binding sites of the protein, the FT site (http://
ftsite.bu.edu/) tool was applied. This tool predicts the
ligand binding sites (along with the residues involved)
with an accuracy higher than 94%, where input options
include the job name and PDB ID. Furthermore, in order
to obtain an actual structural impact on protein–ligand
interaction, PatchDock and FireDock servers were used.
The PatchDock server carried rigid-type docking with

45

RASAL et al. / Turk J Biol

three filtering steps of molecular shape representation,
matching of surface patch, and scoring. The top 1000
models generated using PatchDock were further refined
with the help of FireDock. Hence, PatchDock-based
docking between ligand NAD+ and either the native or
mutant structure of GAPDH were further refined using
FireDock (http://bioinfo3d.cs.tau.ac.il/PatchDock/).
3. Results
3.1. Identification and detection of deleterious SNPs in
GAPDH gene
In the absence of experimental data, computational tools
have long been very useful in identifying the possible impact
of SNPs on a given gene of interest. In our study, SNPs such as
Asp68Asp (rs40804114), Thr97Thr (rs40827081), Gly62Gly
(rs40928619), and Phe316Phe (rs40938373) were predicted
as synonymous, whereas Trp194Arg (rs41041283) was
determined as nonsynonymous by using SIFT, PANTHER,
PROVEAN, and I-Mutant tools. The predicted SIFT score,
detected by using multiple sequence alignments, was zero
for p.W194R amino acid substitution. The threshold score
for intolerance index is 0.05 in the SIFT algorithm. Hence,
p.W194R amino acid substitution with the calculated zero
score was classified as deleterious. The outcomes of SIFT
were further confirmed by exploring the effect of nsSNPs
on protein function by using the HMM-based PANTHER
tool. The calculated PANTHER c-SNP score was –3.22,
which validated the above findings of a deleterious nature
of amino acid substitution (p.W194R).
To further validate the effect of nsSNPs on protein
function, we examined the functional impact of amino
acid substitutions by providing a FASTA sequence of
protein as a query, along with a change in residue to
PROVEAN server. The estimated PROVEAN score was
–12.713, which suggested the deleterious substitution as
p.W194R of GAPDH.
In order to increase and improve overall prediction
accuracy, we used the I-Mutant2.0 algorithm to verify
the stability of mutant GAPDH protein. This algorithm
assessed the impact of single amino acid substitution
on altered protein stability with the help of a regression
estimator for predicting the related change in free energy
(DDG values). Amino acid substitution of p.W194R of
GAPDH possessed a DDG value of –1.75 (DDG < 0) at a
neutral pH (7.0) at room temperature (25 °C), revealing its
decreased stability.
3.2. Native GAPDH is structurally more stable than its
mutant counterpart
Furthermore, the 3D structure of protein is very helpful
for predicting the effects of nsSNPs on overall protein
structure (Ng and Henikoff, 2006; Kumar et al., 2009). The
retrieved homologous 3D structures (1U8F_O, 1ZNQ_O,
1J0X_O, 3GPD_R, and 1SZJ_G) from the RCSB PDB
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databank were used for homology modeling of GAPDH
protein of zebrafish. The sequence identities of the selected
models with GAPDH protein were 86%, 86%, 86%, 83%,
and 75%, respectively. The GAPDH 3D model of zebrafish
was constructed using SWISS-Model (Figures 1a and 1b).
The GMQE and QMEAN4 scores were 0.88 and –1.19,
respectively. The clashes (H-bonding) caused by native
and mutant residues at position 194 in the GAPDH
protein structure were examined using the SWISS-PDB
viewer. The quality assessments of the 3D structures were
carried out using a Ramachandran plot with the help of
the PROCHECK tool. In the plot, phi/psi angles for native
protein depicted 87.5% of residues in the additional allowed
region, with 11.1% in the most favored regions, 0.3% in the
generously allowed region, and 1.0% in disallowed regions
(Figure 2). The comparative assessment with its mutant
counterpart revealed that the reduced (86.8%) residues
plotted in the most favored regions, whereas the additional
allowed regions were shifted to 12% in the mutant. The
generously allowed (0.3%) and disallowed (1.0%) regions
of the mutant were similar to that of native form. These
results showed that incorporated mutation enforced the
shifting of residues from the most favored region to the
disallowed region. The lowered ERRAT score for the
mutant, with a value of 95.833 as compared to the native
structure (96.451), also suggested the overall deteriorating
quality of mutant GAPDH (Figure 3).
PROSA Z-score values were used to measure total
energy for both structures. The estimated Z-score values
were –10.23 and –10.39 for native and mutant structures,
respectively (Figure 4). This indicated that there is a slight
deviation in mutant protein as compared to the native
counterpart.
Furthermore, one of the most important features
that account for maintaining stable/firm conformation
of a protein structure is hydrogen bonding. Hence, the
information regarding polar contacts through H-bonding
was analyzed using PyMol software. The native Trp194
and Gly197 residues formed an H-bond between O and N
atoms with a distance of 3.4 Å. Similarly, mutant Arg194
and Gly197 residues also formed an H-bond distance
of 3.4 Å. Interestingly, three additional H-bonds were
detected only in the mutant between Arg194/ASP39
(NH2 = O, distance 3.1 Å), Arg194/ASP39 (NH2 = OD2,
distance 3.4 Å), and Arg194/TYR40 (NH1 = O, distance
3.4 Å) (Figure 5). These suggested that the mutant Arg194
residue imposed the heightened H-bonding patterns with
vicinal residues, as compared to the single bonding of the
native residue (Gly197).
3.3. Protein–protein interactions of GAPDH
GAPDH is a key coenzyme of the glycolytic pathway.
Protein–protein interacting networks of GAPDH (Figure
6) were analyzed using STRING. STRING analysis
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Figure 1. Native and mutant model of GAPDH. (A) Native GAPDH protein model built by SWISS-Model, showing native Trp194 aa as
closely viewed and green-colored; (B) mutant GAPDH protein model showing change in Arg194 residue, represented as closely viewed
and red-colored.

revealed that the GAPDH protein is capable of interacting
with other proteins including PGK1, TPI1b, TPI1a, Aldob,
Aldoab, Aldoc, and Aldoc1, with scores of 0.994, 0.984,
0.984, 0.983, 0.980, 0.975, and 0.975, respectively (Table 1).
3.4. Analysis of molecular docking between GAPDH and
its ligands of NAD+
Amino acid substitutions may disrupt the ligand-binding
site or protein binding sites affecting its function by
altering the protein stability or folding rate (Ng and
Henikoff, 2006). The ligand-binding site for native and
mutant GAPDH was identified by the FT sites server
(Table 2). The number of ligand (NAD+) binding sites for
both native and mutant GAPDH proteins remained the
same (Figure 7). However, the deleterious substitution of
any amino acid in a protein may affect its binding affinity
to its ligand. Hence, we analyzed the binding affinity of
NAD+ with both native and mutant GAPDH proteins
using PatchDock and FireDock. The PatchDock score,
consisting of global energy and atomic-contact energy

(ACE), was increased in the mutant (–50.47 and –14.57
kcal/mol, respectively) when compared with the native
protein (–53.42 and –15.57 kcal/mol, respectively). The
higher binding energies in the mutant structure compared
to the native structure indicated that mutant protein is less
compatible with its NAD+ ligand (Table 3).
Moreover, we compared the RMSD and total energy
values of native and mutant structures so as to generate
information regarding structural stability. By using the
GROMAS96 43B1 in vacuo SwissPDBviewer tool, the
calculated/estimated total energies for native and mutant
residues were –38.682 and –253.32 kcal, respectively. The
RMS deviation was observed at 0.03 Å between native and
mutant residues of GAPDH.
4. Discussion
Computational tools make it possible to detect the possible
impact of nsSNPs on protein structure and function. Most
computational methods based on evolutionary principles
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could be applied to predict and assess the effect of nsSNPs
on the coding regions of the genome. GAPDH, β-actin,
and tubulin housekeeping genes are being extensively
considered as the experimental reference transcripts and/
or proteins for organ-, tissue-, or cell-specific differential
expressions of particular genes. Among these, β-actin
and tubulins form actin filaments and microtubules, and
are thereby functionally implicated in the intracellular
movement of organelles, cytokinesis, and cell motility (Ng
et al., 1985). However, GAPDH is involved in multicellular
physiological activities that include its association with
glycolytic metabolic pathway. Based on the functional
diversities of GAPDH, as compared to other housekeeping
genes, GAPDH was chosen to predict the consequences of

mutation (amino acid substitution). In zebrafish, SNPs of
GAPDH such as Asp68Asp (Accession No. rs40804114),
Thr97Thr (Accession No. rs40827081), Gly62Gly
(Accession No. rs40928619), Phe316Phe (Accession No.
rs40938373), and Trp194Arg (Accession No. rs41041283)
were documented as per the NCBI dbSNP database. These
SNPs belonged to the coding regions of the GAPDH gene.
In the absence of experimental evidence, we intended
to explore the possible impact of independent SNPs on
protein structure and function.
In the present work, p.Trp194Arg (rs41041283) in
GAPDH was predicted as a deleterious substitution using
in silico tools such as SIFT, PANTHER, PROVEAN, and
I-Mutant. These computational approaches were capable
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A

Figure 5. Three ligand binding sites involving residues, as predicted by FT site.

A

B

Figure 6. Interaction networks between GAPDH and other proteins, as predicted by STRING.

B

of identifying synonymous (sSNPs) and nonsynonymous
(nsSNPs) mutations, in line with earlier nsSNP predictions
for other proteins (Johnson et al., 2005; Khan and Vihinen,
2010; Alanazi et al., 2011; George Priya Doss and Rajith,
2012; Kamaraj and Purohit, 2013). The decrease in DDG
value (–1.75) in the case of the mutant (p.W194R) protein
also supported the above prediction of decreased protein
stability. Such type of disturbance in protein stability
might hinder the normal catalytic activities mediated
by GAPDH. Earlier studies discussed the importance
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of structure-based prediction of effect of mutation on
a particular protein (Capriotti et al., 2005; George Priya
Doss and Rajith, 2012). We generated a 3D structure using
homology modeling and verified it by using the SAVES
server. The generated Ramachandran plots (Filiz and
Tombuloğlu, 2015) of both native and mutant structures
showed that the incorporated mutation enforced a
shifting of residues from the most favored region to the
disallowed region. These findings were supported by the
deviated ERRAT and PROSA Z-scores in the mutant.
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Table 1. Protein–protein interacting networks as determined by STRING.

gapdh

mg-bb02e05 (160 aa)
(Danio rerio)

Predicted functional partners:
pgk1

phosphoglycerate kinase 1 (417 aa)

•

•

•

0.994

tpi1b

triosephosphate isomerase B (TIM-B)(EC 5.3.1.1)
(triose-phosphate isomerase B) (248 aa)

•

•

•

•

•

0.984

tpi1a

triosephosphate isomerase A (TIM-A) (EC 5.3.1.1)
(triose-phosphate isomerase A) (248 aa)

•

•

•

•

•

0.984

aldob

fructose-bisphosphate aldolase B (EC 4.1.2.13)
(liver-type aldolase) (364 aa)

•

•

•

•

•

0.983

aldoab

aldolase a, fructose-bisphosphate, b (364 aa)

•

•

•

•

•

0.980

aldocl

fructose-bisphosphate aldolase A (370 aa)

•

•

•

•

•

0.975

aldoc

fructose-bisphosphate aldolase C (EC 4.1.2.13)
(brain-type aldolase) (363 aa)

•

•

•

•

•

0.975

aldoaa

fructose-bisphosphate aldolase A (364 aa)

•

•

•

•

bpgm

bisphosphoglycerate mutase (259 aa)

•

•

•

ENSDARG00000075208 gapdh protein-like (171 aa)

•

•

•

0.973
•

•

0.951
0.945

Table 2. Three binding sites with residues, predicted by FT site in GAPDH for ligand NAD+.
Binding sites

Site 1 residues

Site 2 residues

Site 3 residues

Native

Mutant

SER A 201, GLN A 202, PRO A 234

SER A 201, GLN A 202, PRO A 234

THR A 235, PRO A 236, SER B 201

THR A 235, PRO A 236, SER B 201

GLN B 202, PRO B 234, THR B 235

GLN B 202, PRO B 234, THR B 235

PRO B 236, SER C 201, GLN C 202

PRO B 236, SER C 201, GLN C 202

PRO C 234, PRO C 236, SER D 201

PRO C 234, PRO C 236, SER D 201

PRO D 234, PRO D 236

PRO D 234, PRO D 236

PRO A 236, ASN A 237, VAL A 238

PRO A 236, ASN A 237, VAL A 238

SER A 281, THR A 282, ASN A 285

SER A 281, THR A 282, ASN A 285

GLN B 202, ASN B 203

GLN B 202, ASN B 203

PRO A 236, THR A 282, ASN A 285

PRO A 236, THR A 282, ASN A 285

GLN B 202, ASN B 203, SER D 49

GLN B 202, ASN B 203, SER D 49

THR D 50, PRO D 236

THR D 50, PRO D 236
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oab

Figure 7. (A) In native GAPDH, Trp194 residue made perfect H-bonding with Gly197, (B) Arg194 residue in mutant counterpart
formed additional H-bonding (with Asp39, Tyr40, and Gly197) involving clashes with vicinal amino acid residues (yellow dotted line).
Table 3. Native as well as mutant GAPDH and PGK1 docking results.
Docking

Global energy

Attractive vdW

Atomic contact energy (ACE)

HB

Native GAPDH and PGK1

10.31

–4.64

5.17

–2.31

Mutant GAPDH and PGK1

20.19

–6.97

5.80

0.00

Together, these results suggested that the native structure
of GAPDH is more acceptable compared to the mutant
structure. The generated 3D structure of GAPDH was used
for structure-based analysis. The heightened H-bonding
patterns (with vicinal residues) detected in the mutant
structure as compared to its native counterpart also
predicted a compromised structural stability due to altered
conformation. These findings were further supported by
a considerable deviation in the detected RMS values
between native and mutant proteins. Therefore, such
deviation could affect structural stability and functional
activities. In order to investigate the fact that incorporated
mutation could disturb the protein–protein interacting
networks, we used the molecular docking approach. It
could be suggested that the interaction between mutant
GAPDH and PGK1 was affected due to the mutated
residue showing increased global energy as compared to
native GAPDH and PGK1. The results obtained from the
molecular docking are also in line with the above deviated
findings of protein stability and conformational changes
in the mutant.
Problems associated with divergence in geometry
between two interacting domains have also been previously
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reported (Han et al., 2006). The reduced binding affinity
of mutant GAPDH with its biochemical cofactor (NAD+)
would most likely lead to impaired catalytic activities
linked to the multiple cellular and subcellular functions,
including the glycolytic pathway. Such bonding clashes,
caused by the presence of the mutated residue, altered the
confirmation of the protein structure. Together, the above
results demonstrated that native GAPDH is structurally
more stable than its mutant counterpart with altered
conformation.
Investigation of protein–protein interactions is a wideranging essential approach to knowing the organization of
the desired protein. For example, functional networking
studies have been useful for drug discovery, understanding
metabolic pathways, and predicting or developing
genotype–phenotype associations (Wang and Moult, 2001;
Han et al., 2006; Wang et al., 2009; Gökgöz et al., 2015). In
our study, STRING map analyses predicted that GAPDH
interacts with PGK1, TPI1b, TPI1a, Aldob, Aldoab, Aldoc,
and Aldoc (Table 1; Figure 6). PGK1 (phosphoglycerate
kinase 1) and GAPDH have been known to form a tight
complex during the development of tooth germs and
other embryonic organs in mammals (Honda et al.,
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2008). Noticeably, most of the above proteins are involved
in apoptosis and other nuclear functions such as RNA
transport, transcription, and DNA replication. Previous
experimental evidence linked to the effect of mutation
on the functional activity of the GAPDH gene has also
been documented (Robbins et al., 1995; Chakravarti
et al., 2010). Earlier studies speculated that mutations
in GAPDH promote its binding activity to the cellular
membranes (Tisdale and Artalejo, 2007). However, our
findings suggested for the first time that mutation at
p.W194R in GAPDH could lead to severe consequences of
disturbed ligand binding affinities inclusive of NAD+ and
other regulatory partners.
In this manner, it could disturb not only the
glycolysis pathway, but also many associated pathways.
It is noteworthy that p.W194 is present in the catalytic
domain (C-terminal) of GAPDH. This amino acid is also
conserved in two isoforms of GAPDH (Sarropoulou et al.,
2011). The threonine residue is susceptible to numerous
posttranslational modifications of O-linked glycosylation
mediated by the hydroxyl side-chain, and phosphorylation
catalyzed by a threonine kinase. Hence, it is plausible to
presume that p.W194R mutation could be pathogenic
through affecting its diversified molecular and biological
functions. The p.W194R mutation in human GAPDH
has not been identified yet, even though evidence is
being accumulated that human GAPDH is associated
with several physiological and molecular functions. An
alteration in structure or conformation due to mutation
(nsSNP), similar to that identified in our study, could
severely affect or impair multicellular biological and
physiological processes. Our findings of nsSNP in zebrafish
(a model fish species) provide a framework that will help
in structure–function analysis for a better understanding
of regulatory properties of GAPDH.

In conclusion, our computational study provided
insights regarding the negative impact of nsSNPs on
protein structure and function. We investigated the impact
of the missense variant on GAPDH in the form of energy
calculation and evolutionary conserved residues. The SIFT,
PANTHER, PROVEAN, and I-Mutant2.0 algorithms
predicted the decreased protein stability of GAPDH. The
molecular docking between GAPDH structures and its
ligands (NAD+, including other interacting regulatory
partners) also suggested that the mutant requires more
energy for binding compared to its native form. Our results
suggest that mutant GAPDH might have deleterious
functional effects, such as hampering of protein stability,
altered conformation, and elevated energy requirements
during cofactor interactions, thus highlighting the ultimate
pathological consequences of metabolic pathways.
These findings, including accumulated evidence,
suggest the existence of different regulations of GAPDH
under specific conditions. Therefore, care must be taken
when considering GAPDH as a candidate housekeeping
gene for normalization purposes during differential
transcript (quantitative real-time PCR) and protein
(western blotting) analyses.
Finally, in vivo investigations are essentially required
to revalidate these possible disturbed complex regulatory
networking biological pathways and thereby the pathogenic
consequences. This study has provided a path toward
undertaking future in vivo experimental investigations in
these directions.
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